Nearly transform limited pulses of Lyman -a radiation at 1216 X have been produced by sum frequency generation in 0.1 to 10 torr of mercury vapor.
We have also observed difference frequency generation at 2193 X and intense fluorescence from the 61P state at 1849 X. A dramatic reduction of the 1849 X radiation occurs when the 5454 R beam is added to the cell.
We have studied the intensity and linewidth dependance of the output radiation on input beam intensity, mercury density, and phase matching buffer gas pressure and composition.
2.
VUV PRODUCTION
The Lyman -a radiation was produced by summing in mercury vapor two photons at 3127 % and a third photon at 5454 X.
The input beams originated in 1 MHz band -width ring -dye lasers. They were amplified in pulsed -dye amplifiers which were pumped by the doubled output of a Nd:YAG laser.
The resulting beams had transform -limited linewidths of 300 MHz. The beams were focussed with a 25 cm focal length achromatic lens to a 100 µm spot in a cell containing 0.1 torr of mercury.
The intensities of the beams at the focal point were 2X109 W /cm2 at 3127 X and 1X1010 W /cm2 at 5454 R. A block diagram of the setup is shown in Block diagram of the setup for VUV production by sum frequency generation in mercury vapor. Figure 2 is a monochromator scan of the sum frequency output. Superimposed on the sum frequency curve is the Lyman -a output of a hydrogen discharge lamp.
The observed width of the sum frequency line is established by the resolution of the monochromator.
The Lyman-oc radiation was produced by summing in mercury vapor two photons at 3127 A and a third photon at 5454 A.
The input beams originated in 1 MHz band-width ring-dye lasers. They were amplified in pulsed-dye amplifiers which were pumped by the doubled output of a NdrYAG laser.
The resulting beams had transform-limited linewidths of 300 MHz. The beams were focussed with a 25 cm focal length achromatic lens to a 100 Mm spot in a cell containing 0.1 torr of mercury.
The intensities of the beams at the focal point were 2X109 W/cm2 at 3127 A and 1X10 10 W/cm2 at 5454 A. A block diagram of the setup is shown in Figure 1 .
The mercury cell used was similar to the cell described in Reference 1. Superimposed on the sum frequency curve is the Lyman-oc output of a hydrogen discharge lamp.
The observed width of the sum frequency line is established by the resolution of the monochromator. The narrow curve is a monochromator scan of the sum frequency output in mercury vapor.
The dashed curve is the Lyman -a output of a mercury discharge lamp. The magnitudes of the intensities have been normalized to enable comparison of the line shapes.
In addition to the sum frequency generation, we also observed difference frequency generation at 2193 X and fluorescence from the 61P state at 1849 X.
These three processes and the relevant mercury energy levels are illustrated in Figure 3 . In addition to the sum frequency generation, we also observed difference frequency generation at 2193 A and fluorescence from the 6-^-P state at 1849 A. These three processes and the relevant mercury energy levels are illustrated in Figure 3 . In sum and difference frequency generation, the theoretical output intensity in the absence of saturation is given by the expression 14 = a (I1)2 12 N2 (1) where I4 is the intensity of the output beam, I1 is the intensity of the resonant 3127 X beam, I2 is the intensity of the tunable 5454 X beam, N is the mercury density, and a is a proportionality constant which includes a phase matching factor.
In reference 5, Bjorklund shows that if b is the confocal beam parameter and Ak is the wave vector mismatch between input and output beams, a is maximum for sum frequency generation when b(Ak) = -2. For difference frequency generation, a is maximum when Ak =0.
The intensity of the fluorescence signal in the absence of saturation of the population of the 71S state is given by 14 = a (I1)2 N. (2) In this case, a does not depend on the wave vector mismatch between the incident and outgoing waves. As the occupation probability of the excited state approaches 0.5, the output intensity becomes independent of the intensity of the input beam.
For most of the measurements reported here, the mercury cell was operated at a temperature of 180 °C.
A few of the measurements were taken at 150 0C. Absorption measurements with a low pressure mercury lamp determined that this corresponds to a mercury density of 1015 cm -3.
INTENSITY AND LINEWIDTH OPTIMIZATION
The peak Lyman -a intensity occurred when the 3127 X beam was tuned 0.5 cm -1 to the blue of the low intensity resonance wavelength of 31964.1 cm -1.
The 1849 R and 2193 ñ signals were maximum when the 3127 X signals remained fixed at 31964.1 cm-1. The full width at half maximum of the 1849 X fluorescence signal as a function of the wavelength of the 3127 X beam was 1.3 cm -1.
The fact that this width is much larger than either the doppler width of 0.03 cm -1 or the isotopic shifts of 0.1 cm -1 is indicative of power broadening.
Our results can be compared to the measurements of Scheingraber and Vidal2 for frequency tripling in strontium.
They observed a variation in the frequency dependance of the intensity of the tripled beam as the intensity of the input beam was increased from 106 W /cm2 to 1010 W /cm2., They observed a frequency broadening and a blue Stark shift of the resonance frequency as we did in the case of sum frequency generation. It is not clear why our results do not show a resonance shift in the cases of difference frequency generation or fluorescence. Mahon and Tomkinsl have reported an observation of the Stark broadened absorption linewidth ih mercury at these intensities, but did not report the blue shift in the resonance frequency.
To further investigate the saturation of the 61S to 71S transition, we measured the fluorescence signal at 1849 X as we varied the mercury cell temperature, input beam intensity, and buffer gas pressure and composition.
The 1849 X signal is proportional to the population of the 71S state since it results from a cascade from the 71S state to the 61S ground state through the 61P state.
The intensity of the fluorescence signal decreased by a factor of 5 when the 5454 x beam was allowed to pass through the cell. This indicates that the branching ratios for sum and difference frequency generation are large enough to significantly reduce the population of the 71S state.
Hence, although Smith et al.3 observed stimulated emission at 1.0 pm resulting from 71S to 61P transitions in a plane wave geometry, this will not be a problem for Lyman -a output for the tight focussing geometry used here. In order to maximize the 1849 A signal, the remaining measurements were made without the 5454 X beam present.
The fluorescence intensity as a function of the frequency of the 3127 X input beam is shown in Figure 4 . As was the case with sum frequency generation, the measured 0.64 cm -1 AC Stark broadened linewidth is significantly larger than either the linewidth of the input beam, the Doppler broadening, or the isotopic frequency shifts.
In sum and difference frequency generation, the theoretical output intensity in the absence of saturation is given by the expression
where 14 is the intensity of the output beam, I], is the intensity of the resonant 3127 A beam, 1 2 is the intensity of the tunable 5454 A beam, N is the mercury density, and a is a proportionality constant which includes a phase matching factor.
In reference 5, Bjorklund shows that if b is the confocal beam parameter and Ak is the wave vector mismatch between input and output beams, a is maximum for sum frequency generation when b(Ak) = -2. For difference frequency generation, a is maximum when Ak=0.
The intensity of the fluorescence signal in the absence of saturation of the population of the 7^-S state is given by
In this case, a does not depend on the wave vector mismatch between the incident and outgoing waves. As the occupation probability of the excited state approaches 0.5, the output intensity becomes independent of the intensity of the input beam.
For most of the measurements reported here, the mercury cell was operated at a temperature of 180°C. A few of the measurements were taken at 150°C. Absorption measurements with a low pressure mercury lamp determined that this corresponds to a mercury density of lO 1^ cm~3 .
The peak Lyman-a intensity occurred when the 3127 A beam was tuned 0.5 cm" 1 to the blue of the low intensity resonance wavelength of 31964.1 cm" 1 .
The 1849 A and 2193 A signals were maximum when the 3127 A signals remained fixed at 31964.1 cm" 1 .
The full width at half maximum of the 1849 A fluorescence signal as a function of the wavelength of the 3127 A beam was 1.3 cm" 1 .
The fact that this width is much larger than either the doppler width of 0.03 cm" 1 or the isotopic shifts of 0.1 cm" 1 is indicative of power broadening.
Our results can be compared to the measurements of Scheingraber and Vidal^ for frequency tripling in strontium.
They observed a variation in the frequency dependance of the intensity of the tripled beam as the intensity of the input beam was increased from 10" W/cm^ to lO 1^ W/cm^ .
They observed a frequency broadening and a blue Stark shift of the resonance frequency as we did in the case of sum frequency generation.
It ie not clear why our results do not show a resonance shift in the cases of difference frequency generation or fluorescence. Mahon and Tomkins 1 have reported an observation of the Stark broadened absorption linewidth in mercury at these intensities, but did not report the blue shift in the resonance frequency.
To further investigate the saturation of the 6 1 S to 7 1 S transition, we measured the fluorescence signal at 1849 A as we varied the mercury cell temperature, input beam intensity, and buffer gas pressure and composition.
The 1849 A signal is proportional to the population of the 7 1 S state since it results from a cascade from the 7^-S state to the 6 1 S ground state through the 6 1 ? state .
The intensity of the fluorescence signal decreased by a factor of 5 when the 5454 A beam was allowed to pass through the cell.
This indicates that the branching ratios for sum and difference frequency generation are large enough to significantly reduce the population of the 7 1 S state. Hence, although Smith et al.3 observed stimulated emission at 1.0 pm resulting from 7 1 S to 6 1 ? transitions in a plane wave geometry, this will not be a problem for Lyman-oc output for the tight f ocussing geometry used here .
In order to maximize the 1849 A signal, the remaining measurements were made without the 5454 A beam present.
The fluorescence intensity as a function of the frequency of the 3l27 A input beam is shown in Figure 4 . As was the case with sum frequency generation, the measured 0.64 cm" 1 AC Stark broadened linewidth is significantly larger than either the linewidth of the input beam, the Doppler broadening, or the isotopic frequency shifts. The absorption measurements with a low pressure mercury lamp shown in Figure 6 indicate a monotonic decrease in cell transmission of 2537 X light up to 22O0C.
The signal in both measurements should monotonically increase with an increase in the population of mercury atoms in the 71S excited state.
This suggests that the decrease in 1849 X fluorescence is caused by the onset of an excited state collisional process such as excimer formation4 which would not occur during the low intensity transmission measurements. Transmission of low intensity 2537 Á light through the mercury cell as a function of cell temperature.
We further investigated the saturation of the two photon absorption by monitoring the 1849 X fluorescence as a function of input beam intensity. Figure 7 is a representative plot of this signal as a function of the energy of the 3127 X pulses. The smooth curve in the figure is a fit to the functional form I =aEx, where I is the fluorescence signal and E the pulse energy in mJ. The best fit was for x =2.1, which does not deviate significantly from the expected low intensity quadratic form given in Equation (2) . This implies that the cascade from the 71S state is sufficiently fast to keep the 71S occupation probability much less than 0.5. Thus, there is no leveling off of the fluorescence intensity even though the input intensities are large enough to produce significant power broadening and AC Stark shifts.
This contrasts with the observations of Scheingraber and Vida12 in strontium, where a dip is seen in third -harmonic generation when the input beams are tuned to the center of the Stark shifted resonance frequency. Since the third harmonic generation is a function of the population difference between the ground and excited states, Scheingraber and Vidal attribute this dip to significant population in the upper two -photon resonant state. Figure 8 shows the results of changing the buffer gas from helium to krypton. We observed a slightly less intense 1849 X signal at a given input power and cell temperature. However, the fluorescence had the same functional dependance on the input intensity for both gasses. Varying the krypton or helium buffer gas pressure resulted in no detectable change in the florescence. However we do expect the partial pressure of krypton to have a strong effect on the sum frequency generation. Krypton is negatively dispersive in this wavelength regime and will affect the phase matching conditions of the sum frequency process.
CONCLUSIONS
In summary, sum frequency generation in mercury with transform limited input beams provides a powerful spectroscopic source for production of tunable, bright, narrow -band, coherent radiation near the hydrogen Lyman -a transition. Although the VUV output increases rapidly with mercury temperature, apparent excimer formation limits the maximum temperature to 1450C.
With 3 mJ 300 MHz linewidth beams at 3127 X and tight focussing, the power broadening is larger than the isotopic frequency shifts, the Doppler width, or the input beam linewidth. This ensures that the beams interact with each atom in the focus region. In spite of the high intensity of the input beams, there is evidence that the population of the 71S state is not significant enough to reduce the intensity of sum frequency generation process. The smooth curve in the figure is a fit to the functional form I=ocEx , where I is the fluorescence signal and E the pulse energy in mJ.
The best fit was for x=2.1, which does not deviate significantly from the expected low intensity quadratic form given in Equation (2) .
This implies that the cascade from the 7^8 state is sufficiently fast to keep the 7*S occupation probability much less than 0.5.
Thus, there is no leveling off of the fluorescence intensity even though the input intensities are large enough to produce significant power broadening and AC Stark shifts.
This contrasts with the observations of Scheingraber and Vidal^ in strontium, where a dip is seen in third-harmonic generation when the input beams are tuned to the center of the Stark shifted resonance frequency.
Since the third harmonic generation is a function of the population difference between the ground and excited states, Scheingraber and Vidal attribute this dip to significant population in the upper two-photon resonant state. Figure 8 shows the results of changing the buffer gas from helium to krypton. We observed a slightly less intense 1849 A signal at a given input power and cell temperature. However, the fluorescence had the same functional dependance on the input intensity for both gasses. Varying the krypton or helium buffer gas pressure resulted in no detectable change in the florescence. However we do expect the partial pressure of krypton to have a strong effect on the sum frequency generation. Krypton is negatively dispersive in this wavelength regime and will affect the phase matching conditions of the sum frequency process.
In summary, sum frequency generation in mercury with transform limited input beams provides a powerful spectroscopic source for production of tunable, bright, narrow-band, coherent radiation near the hydrogen Lyman-oc transition. Although the VUV output increases rapidly with mercury temperature, apparent excimer formation limits the maximum temperature to 145°C.
With 3 mJ 300 MHz linewidth beams at 3127 A and tight focussing, the power broadening is larger than the isotopic frequency shifts, the Doppler width, or the input beam linewidth. This ensures that the beams interact with each atom in the focus region.
In spite of the high intensity of the input beams, there is evidence that the population of the 7^S state is not significant enough to reduce the intensity of sum frequency generation process. 
